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Electronic structure and morphology of dark oxides on
zinc generated by electrochemical treatment†
Ying Chen,zab Paul Schneider,a Bi-Ju Liu,c Sergiy Borodin,a Bin Renc and
Andreas Erbe*a
Oxides formed by electrochemical treatment of metals frequently have properties and structures very
different from the respective bulk oxides. Here, electronic structure and chemical composition were
investigated for the oxide formed on polycrystalline zinc after electrochemical oxidation, and after
subsequent reduction, in a Na2CO3 electrolyte. Photoluminescence and spectroscopic ellipsometry show
the presence of states deep in the ZnO band gap in the oxidized sample, which consists of a highly
disordered oxide. These states determine the absorption of light in the visible spectral range. After
reduction, the characteristics of the ZnO electronic structure have disappeared, leaving a defect-
dominated material with a band gap of B1.8 eV. Complementary detailed analysis of the morphology
of the resulting surfaces shows hexagon-shaped metallic Zn-‘‘nanoplates’’ to be formed in the
reduction step. The optical appearance of the surfaces is dark, because of their efficient extinction of
light over a large part of the visible spectrum. The optical appearance is a result of changed surface
morphology and electronic structure of the oxide film. Such materials may possess interesting
applications in photocatalysis or photoelectrochemistry.
1 Introduction
Zinc oxide and ZnO-based materials are currently widely inves-
tigated semiconducting materials.1,2 One reason for their popu-
larity are their optoelectronic properties.2–5 On the chemical
side, photocatalytic and photoelectrocatalytic properties of ZnO
receive tremendous attention.2,6–8 The electronic structure of
the materials is crucial for their performance as photo-
(electro)catalysts. As the ZnO band gap is B3.4 eV, light
absorption is strong only in the ultraviolet range of the spec-
trum. To achieve light absorption in the visible spectral range,
sensitisation approaches have been used.2,6,7 Besides using
more complex conjugated structures with light absorbing par-
ticles or molecules, defect-related intragap states can be used to
enhance visible light absorption, thus catalytic activity.9,10 The
role of these defect-related intragap states in the ZnO electronic
structure has been studied for free ZnO.1,2,9,10
ZnO-based corrosion products form naturally on metallic
Zn, which is widely applied in the corrosion protection of
steel.11,12 The knowledge of how electronic structure and sur-
face morphology of the resulting nm-thin oxide films in direct
contact with metal develop during the electrochemical
reactions which occur in corrosion processes is much less
developed.11 One reason is the difficulty to analyse light
absorption or emission from nm thin films in direct contact
with metals. Using the analysis of the resulting electrolyte,
together with electrochemical data, several types of oxides have
been identified, some passivating the surface, others not.13 A
conversion of oxides of one type to another type during ongoing
exposure was also found.13,14 In situ photocurrent measure-
ments during Zn-oxidation are available,15 as there are numerous
electrochemical characterisation works.13,16–22 An understanding
of the electronic structure, especially of the defect-related
intragap states, of oxides formed on Zn in electrochemical
processes is important from two perspectives. Firstly, photo-
corrosion processes depend on the electronic structure.
Secondly, these reactions may offer a simple, yet powerful route
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to induce certain defect states, with consequences to the overall
electronic structure of the oxide, and the resulting absorption
of light. This work aims to advance the knowledge about
electrochemically grown ZnO films in contact with the poly-
crystalline Zn metal.
The oxide film formed on the surface of Zn is known not to
be perfect crystalline ZnO.11,23,24 The light absorption around
the band gap, probed using spectroscopic ellipsometry (SE),
was reported to be substantially different from the absorption
of crystalline ZnO.24 In addition, absorption at photon energies
below the band gap energy of B3.4 eV was found,24 which
proves the presence of intragap states in this material. Doping
with metallic zinc was mentioned to be the reason for the
observation, based on literature reports and XPS results.18,19,24
However, O-vacancies may yield a similar effect on the electronic
structure of the oxide.3,4
Most data for the electrochemistry of Zn are available in
alkaline media, due to the high pH observed in oxygen corrosion,
as well as the fact that Zn is widely used as anode material in
alkaline batteries.11,18,19,21,22 In most cases, CO2 is present in the
environment. The carbonate electrolyte is a suitable model as it
avoids contamination from residual carbonate which may be
present in other electrolytes. The formation of oxide layers on
the surface of metallic Zn in carbonate has been discussed in
detail elsewhere.14,18,19 In this work, the focus is on the electronic
structure, especially on an experimental characterisation of intra-
gap states in the oxide formed by electrochemical oxidation and
subsequent reduction on Zn, and its relation to the structure and
composition of the oxide film on polycrystalline Zn. The process
was investigated in situ using spectroscopic ellipsometry (SE). The
photoluminescence (PL) background in Raman spectra provides
further details of the electronic structure, while the Raman peaks,
together with analysis using X-ray diffraction (XRD), provide
information about the structure of the produced oxide layers.
The morphology of the resulting layers was studied using scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
Finally, global and local chemical compositions of the sample
surfaces are investigated using X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES), respectively.
2 Experimental details
2.1 Materials and sample preparation
Polycrystalline Zn foil of 2 mm thickness with a purity of
99.95% was obtained from Goodfellow GmbH, Germany. It
was cut into pieces of typically 20 mm  30 mm. The sample
was mechanically ground with SiC paper up to 2500 grit and
subsequently polished with a polishing suspension (100 nm
SiO2, pH = 9) to obtain a smooth surface. After that, these
samples were sonicated in ethanol for 10 min and dried in
nitrogen flow. To further reduce the amount of oxide film on
the surface, the sample was transferred into an electrochemical
cell and electrochemically reduced at 1.25 V (vs. standard
hydrogen electrode, SHE, used as reference to report electrode
potentials throughout this work) in 1.0 M Na2CO3 solution for
10 min.25
After this procedure, the sample was rinsed with water and
immediately mounted in a specially designed optical–electro-
chemical cell for in situ investigations,14,26 or it was transferred
through ambient air into a vacuum chamber for other analysis
immediately after preparation. Ellipsometric experiments were
also carried out using freshly prepared samples in an ambient
atmosphere. AFM experiments were exclusively performed in
an ambient atmosphere.
2.2 Measurements
The electrochemical treatment of Zn was performed in 1.0 M
Na2CO3 aqueous solution using a Gamry PHE200 potentiostat
(Gamry Instruments Inc., USA). For standard electrochemical
experiments, a conventional three-electrode cell was used with
a gold plate as the counter electrode and Ag/AgCl/3 M KCl
(Metrohm AG, Germany) as a reference electrode.
In situ SE measurements were performed using a UV-Vis
spectroscopic ellipsometer (SE 800, Sentech Instruments GmbH,
Germany) working in the wavelength range 300–810 nm (1.5–4.4 eV).
The light source was a xenon lamp. A single measurement of the
ellipsometric parameters C and D reported here took E50 s. For
in situ measurements, the sample was put in the optical–electro-
chemical cell, which was equipped with liquid flow connections,
sample (working electrode) support, counter electrode, reference
electrode and four optical windows (to enable measurements at
two angles of incidence, 501 and 701). In this work, all measure-
ments were done at 701. The optical–electrochemical cell
includes a conventional three-electrode electrochemical experi-
ment. A platinum mesh as a counter electrode and Ag/AgCl
(DriRef-2SH micro-reference electrode, in 3.0 M KCl, +0.208 mV
vs. SHE, World Precision Instruments Inc., USA) as a reference
electrode were used for electrochemical treatments (oxidation
and reduction). The electric contact was made from the back of
the sample through the Cu sample support. The design of the
cell has been discussed in detail previously.14,26 At least three SE
measurements were performed prior to the application of an
electrode potential (i.e. at the open circuit potential, OCP). Then
a certain anodic potential was applied for a certain time,
followed by the application of a cathodic potential of 1.25 V.
SE measurements were performed throughout the process.
In situ SE data have been analysed using a parameter-free
method introduced previously.14 Briefly, the change in ellipso-
metric parameters C and D has been analysed using a first order
perturbation approach.27 Real and imaginary parts of the per-
turbation parameter at high wavelengths >650 nm (low photon
energies), where light absorption from the oxide is low,24 were
used to determine layer thickness of the thin oxide films. The
only assumption in this method is the fact that the thin oxide
film is non-light-absorbing.14 Accuracy relies further on the
knowledge of the substrate and incidence medium dielectric
functions, eZn and einc, respectively, which have been used as
discussed elsewhere.14 Briefly, a Drude–Lorentz model of the
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and based on previous work, op =
56 750 cm1, ot = 2911 cm
1, Op = 76 861 cm
1, Oo = 13 521 cm
1
and Ot = 9808 cm
1.24
XPS (Quantum 2000, Physical Electronics, USA) at a take-off
angle of 451 was obtained using a monochromatic Al Ka source
(energy of 1486.6 eV) at a pass energy of 23.5 eV. The energy
resolution used was 0.2 eV. Energies have been scaled such that
the substrate Zn 2p peak was at 1022 eV.28 Depth profiles were
obtained by sputtering with an argon plasma at a voltage of
1 kV with a current of 2 mA for 24 s at each sputter interval. This
power corresponds to a sputtering rate of 2.16 nm min1 for
SiO2 according to the calibration with a standard sample of
SiO2 on Si. The sputtering rate in ZnO is within 5% equal to that
in SiO2.
29 Because an exact calibration of the sputtering rate-
depth correspondence in zinc with a complex oxide layer is
difficult, all sputter depths in this work are given as corre-
sponding to SiO2. Furthermore, the sputtering will always cause
a local roughening of the surface leading to smearing of the
transition from one medium to another.
The surface morphology of the Zn samples after different
electrochemical treatment was studied using field emission
SEM (ZEISS LEO 1550VP GEMINI). The topography and rough-
ness of the films were investigated by means of AFM using a
Dimension 3100 (Digital Instruments, USA). The measure-
ments were carried out in tapping mode using a cantilever with
a resonant frequency of 300 kHz and a spring constant of
42 N m1 (Olympus).
The crystallography of the samples was studied using X-ray
diffraction (XRD) on a D8 X-ray diffractometer (Bruker AXS,
Germany) with a Cu-Ka source. A grazing incidence angle (51)
was used for minimizing the substrate diffraction, and enhan-
cing the diffraction from the surface layer. For peak identification
in the diffraction patterns, the Diffrac Plus database JCPDS was
used. In this work, powder diffraction file no. 03-065-3358 and
no. 00-005-0664 were compared against the measured diffrac-
tion patterns.
The UV Raman spectra were recorded on a Renishaw
UV-1000 confocal Raman microscope. The excitation wave-
length is 325 nm from a HeCd Laser, with a power of 6 mW
on the sample. An objective with magnification 15 was used.
For measurements with excitation at 532 nm, an XploRA
confocal Raman microscope (Horiba Jobin Yvon, France) was
used. A laser power of 16 mW was used on the sample. An
objective with magnification 100 (NA = 0.95) was used. All the
spectra were acquired with an accumulation time of 10 s.
AES were obtained using a scanning Auger microprobe (Jeol
JAMP-9500F). Data were detected using an electrostatic hemi-
spherical analyser operated in constant retard ratio (CRR) mode
with dE/E B 0.15% energy resolution. The experiments were
performed under a 25 kV and 5 nA electron beam, leading to a
spatial resolution of around 10 nm. The latter measurements
were performed in a UHV system with a base pressure of
5  1010 mbar. Analysis of the spectra was performed with
the instrument’s software using the supplied reference spectra.
All experiments reported here have been performed at room
temperature of (22  2) 1C.
3 Results and discussion
3.1 Optical appearance of the samples
Let us start with a look at the optical appearance of the samples.
Fig. 1 shows a photograph of the sample surface after different
treatments. The surface appearance of the oxidized sample
(Fig. 1b) was very similar to the mechanically polished sample
(Fig. 1a), although a light gray film was present after oxidation.
However, appearance changed significantly after 60 s reduction
following the initial oxidation (Fig. 1c). After the oxidation–
reduction treatment, the colour became much darker, brown to
golden. Longer reduction times were also examined, but there
was no change in appearance upon further reduction.
Two possible origins can be discussed for the appearance
especially of the dark film after reduction, (a) an increase in
scattered light due to a generated rough surface and absorption
after multiple scattering events and (b) the presence of a strong
absorption of light in the visible spectral range due to the
modified electronic structure of the film. It must be pointed out
that some absorption of light inevitably needs to be present for
a surface to appear black. As metallic Zn—as any metal—is a
strong absorber of visible light, a medium absorbing light is
always present in the system under investigation.
The formation of black oxidic films on Zn is well-known.13,18,19
The oxide formed on Zn in Na2CO3 solution is generally being
described as light in colour, whereas, in NaOH, the oxide formed
is dark, which has been attributed to the presence of excess
metallic Zn.18,19 Such metallic Zn can induce ZnO intragap states,
which lead to increased light absorption in the visible spectral
range. In the present case, the application of a cathodic potential
leads to a complete reduction of the oxide. An oxide, however,
grows while and after the sample is removed from the solution,
i.e. when the imposed electrode potential is removed.
The presence of metallic Zn in the oxide layer could origi-
nate from the re-deposition as metallic Zn of Zn2+ dissolved
during the prior oxidation process before reduction, i.e. from a
reaction Znaq
2+ + 2e - Zn. Alternatively, metallic Zn can be
formed as a product of the reduction of oxide film itself,
following the net reaction ZnO + H2O + 2e
 - Zn + 2OH.
To discriminate between the two alternatives, a control experi-
ment was performed. After the electrochemical oxidation pro-
cess, the electrolyte was exchanged to freshly prepared Na2CO3,
where no Zn2+ was present. With this electrolyte, virtually the
Fig. 1 Photo of the Zn samples after different treatments: (a) mechanically
polished, (b) electrochemically oxidized (+1.2 V, 30 min), (c) subsequently
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same behaviour was found as with the electrolyte in which
Zn dissolution had occurred: a dark brown oxide was formed,
with the same characteristics—detailed in the remainder of
Section 3—as the film after reduction without electrolyte
exchange. Therefore, the overall nature of the film is not
decisively affected by the redeposition of Zn.
In the subsequent sections morphology, internal structure,
as well as optical properties are characterized in more detail.
3.2 In situ spectroscopic ellipsometry during electrochemical
treatment
The change in light absorption during electrochemical oxidation
and subsequent reduction was followed by in situ SE measure-
ments. Fig. 2 shows the applied oxidation and reduction poten-
tials (Fig. 2a), the current response (Fig. 2b) and the thickness of
the oxide layer calculated based on Lekner’s first order perturba-
tion theory (Fig. 2c).14 Before the application of the oxidation
potential, measurements were obtained at OCP and used as the
reference measurements in the analysis. The value of the layer
thickness obtained in this analysis is therefore a difference to the
layer thickness at OCP. After the application of a potential jump
to +1.2 V (in a potential region where the surface is oxide-covered
but where no O2 evolution occurs), the current decreased within
60 s, subsequently stabilizing at 0.005–0.01 mA cm2, as shown
in Fig. 2b. At the same time, the thickness changed within the
duration of one SE measurement (o1 min) after the potential
jump to E1.2 nm. Subsequently, the thickness changed only
slowly with time, and reached E2 nm after 1 h oxidation.
A detailed modelling of ellipsometric spectra of a native
oxide on Zn was performed to estimate the dielectric function
of the oxide films.24 Absorption of light was found in these
films at photon energies of above 1.9 eV.24 This onset of
absorption is directly visible in the raw spectra of C for reasons
which will be discussed in the following paragraphs. For the
time-dependent spectra measured for this work in the electro-
lyte, no detailed modelling was performed, but instead, the
spectral features directly visible in the plots of C are discussed.
Light absorption for layers with only a few nm thickness on
an (ideal) metallic substrate is governed by the ‘‘surface selec-
tion rule’’.30,31 Excitation of dipole transitions is therefore only
possible for the transition dipole moment (TDM) components
perpendicular to the interface, because components parallel to
the interface cancel with their image dipole.30,31 TDM compo-
nents parallel to the interface can only be excited by p-polarised
light at sufficiently high angles of incidence. As a consequence,
when comparing metallic samples with and without absorbing
overlayer, the modulus is decreased for the amplitude reflec-
tion coefficient |rp| for p-polarisation if an absorbing layer is
present. On the other hand, the amplitude reflection coefficient
|rs| for s-polarisation is almost unaffected by light absorption




a decrease when the overlayer absorption increases.26 First, the
spectra of C during oxidation shall be discussed. With progres-
sing oxidation, a bending in C was observed at 380 nm, caused
by the light absorption from the main electronic transition for
the oxidic film (Fig. 3). During oxidation, this feature showed a
much slower evolution with time than the layer thickness, as
discussed in detail elsewhere.14 Previous analyses of the
observed currents and the layer thicknesses have shown that
metal dissolution occurs concurrently.14
Oxidation has been carried out at different electrode poten-
tials. The spectra of C obtained after 10 min oxidation are
displayed in Fig. 4. The absorption feature at around 380 nm
Fig. 2 (a) Applied electrode potential profile, 0–3600 s: +1.2 V, 3601–7200 s:
1.25 V; (b) corresponding current densities I (Inset: enlarged plot of current
density during the change in polarisation from anodic to cathodic potential) and
(c) thickness difference d of the layer on Zn compared to the initial oxide layer as
a function of time.
Fig. 3 Spectra of ellipsometric C for different times during anodic oxidation
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was visible for all potentials, though for treatment at high
potentials the argumentation used for thin films is not valid
any more, resulting in a maximum rather than a minimum
in C. Differences for layer thicknesses >10 nm are also con-
firmed by simulation of ellipsometric spectra using the optical
constants as input parameters. The time evolution of the
spectra and thickness of the layers at the different electrode
potentials is shown in detail in the ESI.†
A second interesting feature in the light absorption char-
acteristics of the thin film was the minimum at around 620 nm
(2 eV), which may be caused by intragap states.§ This feature
becomes more obvious in plots of differences in and ratios in
C, which are presented in the ESI.† (The observation of photo-
luminescence, which will be discussed in Section 3.3, shows
that this feature is not caused by elastic scattering of light, but
rather light absorption.) This absorption in the visible spectral
range is also crucial for the determination of the optical
appearance: it determines the golden/brown colour shown in
Fig. 1b. The absorption feature in C was present in the samples
treated between 1.2 V and 3.2 V, but absent in the sample
treated at 5.2 V. During treatment at 5.2 V, the minimum
gradually disappears (see ESI,† Fig. S12). This finding indicates
that at low potentials, the oxide is richer in defects than at
higher oxidation potentials, where films of larger thickness
were obtained. These thicker films appeared white in colour.
This result also implies that the defect-rich ‘‘native-like’’ oxide
can be prepared up to thicknesses of B10 nm, while prepara-
tion is more difficult at higher thicknesses.
After oxidation, the samples were subjected to a reductive
treatment at a potential of 1.25 V. At this potential, besides
oxide reduction and redeposition of previously dissolved Zn,
also H2 evolution occurs. As shown in Fig. 2c, upon the
application of a cathodic potential the thickness of the oxide
film changed to an apparent negative value (o4 nm). This
negative value to a large extent is related to the disappearance
of the oxide layer present at OCP, though this was estimated to
be 2–3 nm thick only.24,26 The overall ellipsometric data indi-
cate a significant change in the interfacial layer upon the
change in the electrode potential, faster than the experimental
time resolution. A detailed observation of the current response
(Fig. 2b inset) on the application of cathodic potential shows
that there is a cathodic current peak for the reduction process.
The negative current reached a maximum at E20 s after the
application of the negative potential, and reached an almost
stationary value within 60 s. Thus, there was an electrochemical
reduction at the beginning, and the majority of this reduction
process completed within 60 s. The measured C (Fig. 3) shows a
substantial change immediately after the potential jump to a
cathodic potential.
From the electrochemical point of view, in agreement with
previous ellipsometric analyses,14,32 the surface of the electro-
lyte should be oxide-free at the chosen reduction potential. The
observed oxide on the surface should be formed during the
process of removing the sample from the electrolyte and after-
wards, i.e. should be a native oxide.
While the high wavelength region of the ellipsometric
spectra was successfully analysed to yield a thickness, the
overall curves after reduction for both C and D were substan-
tially different from the curves expected for a semi-infinite Zn
half space without an overlayer, and different from curves
observed at similar electrode potentials without prior oxida-
tion.14 Deviations were found especially at lower wavelengths,
as the light at lower wavelengths is scattered easier, which leads
to the breakdown of the simple analysis of the full ellipsometric
spectra based on a stratified system. These two observations
indicate that the morphology of the surface changed after the
electrochemical treatment. The effect of scattering on the
polarisation of reflected light from a surface with a complex
morphology also contributes to the obtained apparent values
for the layer thickness difference after reduction.
3.3 Raman and photoluminescence spectroscopy
While analysis of ellipsometric spectra is affected by morpho-
logy changes, photoluminescence spectra show information
about light absorption and subsequent emission independent
of surface morphology. Here, the broad luminescence back-
ground in Raman spectra was analysed. Results are shown in
Fig. 5. When excited at 325 nm, the oxidized sample showed a
strong luminescence peak at E3.4 eV, typical for the main
electronic transition of ZnO (Fig. 5a). In comparison, the
luminescence of the electrochemically reduced sample is con-
siderably lower. For the reduced sample, the thickness of the
oxide had been reduced to its minimum. Therefore, no efficient
absorption of light was possible in the chosen illumination
geometry. A second possible explanation for the observed
low luminescence intensity is the quenching effect by the
continuum of states in the underlying metal. However, the
situation was reversed when excited with 532 nm laser light.
Fig. 4 Comparison of C after 10 min treatment at the indicated potential.
In parentheses, the respective increase in thickness compared to the initial oxide
thickness is given. For reference, the curve of a mechanically polished sample is
also shown. The arrow points to the absorption feature at around 620 nm.
§ By ‘‘intragap states’’, the authors refer to an energetic state within the bandgap.
Surface states with an appropriate energy fall into this group, as defect states in
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Here, the reduced sample showed a strong and broad back-
ground luminescence, indicating a strong luminescence, and the
oxidized sample gave a much weaker luminescence. The maxi-
mum luminescence intensity in the reduced sample agrees
approximately with the previously reported difference to the
conduction band of 1.9 eV of an intragap state,24 and shows a
decay to higher energies. This decay is caused by the tail states,
which may span the complete gap for such a material. The
observation of the PL at 532 nm implies the absorption of light at
photon energies of 2.33 eV, due to the presence of intragap states
in the reduced sample. These states lead to the absorption of
light over a broad wavelength range, consequently to the dark
colour of the sample. This finding is in agreement with previous
results of the analysis of ellipsometric spectra of a native oxide
on Zn.24 In the past, while green PL has been associated with
O-deficiency orange emission has been associated with excess O
(see e.g. the discussion in ref. 9). As the emission observed here
is more on the lower energy side, it may be interpreted as being
caused by excess oxygen atoms (e.g. interstitial oxygen).9
The Raman spectra are also displayed in Fig. 5. The reso-
nance Raman spectrum (excited at 325 nm, Fig. 5a) was
dominated by a peak at 578 cm1. In addition, as typical for
resonance Raman spectra,33–35 the second order (E1150 cm1),
third order (1725 cm1), and for the reduced sample even the
fourth (2300 cm1) and fifth (2875 cm1) order of the same
mode were also observed. The Raman spectrum with excitation
at 532 nm (Fig. 5b) showed a major peak at E555 cm1, a
shoulder at E440 cm1 and a peak of low intensity at E370 cm1.
Intensities of the peaks were different between ‘oxidized’ and
‘oxidized + reduced’ samples, but the main peak positions remain
the same. The dominating peak is attributed to the longitudinal
optical (LO) phonon of ZnO.35–38 Other peaks are only observed
when excited at 532 nm. The peak at E440 cm1 is the char-
acteristic E2 mode of the wurtzite lattice of ZnO, which dominates
bulk spectra of crystalline ZnO.36,37 This mode was obvious for the
oxidized sample but weak in the reduced sample. The situation
was reversed for the mode at E380 cm1, assigned to an A1 mode
(TO phonon).35–37
There is general consensus in the literature that the dom-
inance of the LO phonon in the Raman spectra is an indication of
strong disorder in such systems.20,38–44 Dominance of these
modes has been reported mainly for gas-phase deposited ZnO
films,38,41,42 but also for films prepared by hydrothermal growth,43
or by electrochemical oxidation of Zn in KOH.20 Strong resonance
enhancement of the features related to defects is not uncommon,
and is consistent with the results found here.38,40
The strong shift of the LO phonon with excitation wavelengths
is striking, especially the low wavenumber of the mode 555 cm1
found when using 532 nm excitation. While the LO phonon
mode is split into an A1 and an E1 mode, the difference in
frequency between the two modes is reported as only 10 cm1.36
Therefore, the splitting of the LO phonon alone and a domina-
tion of different components alone are likely not to be the reason
for the observed difference. Different local bonding situation may
contribute to the observed difference. Excitation of the main
electronic transition by the 325 nm laser should yield resonance
enhancement of all structural elements in the film. On the other
hand, light at 532 nm was also absorbed, but as discussed above
mainly by defect-induced electronic states. Differences in their
local environment to the bulk material used in reference studies
can contribute to the observed frequency shift. In addition,
Raman enhancement with localized interface and/or surface
phonon modes may contribute to the observed differences.33–35
Overall, the complete absence in the spectra at 325 nm, and
the only weak contribution in the spectra at 532 nm, of the E2
mode at 440 cm1 may be understood in a way that the native
oxide formed during removal of the sample from the electrolyte
is a highly disordered material, with only a minority of Zn atoms
coordinated as in the wurtzite structure of crystalline ZnO.
3.4 Surface morphology and topography
The results of ellipsometric measurements after the reduction
process have been found not to be well-described using the
simple model of a homogeneous film on a flat surface. There-
fore, the surface topography, roughness as well as morphology
Fig. 5 Raman spectra of electrochemically oxidized (‘‘Oxi’’, +1.2 V, 10 min) and
subsequently reduced samples (‘‘Oxi + Red’’, 1.25 V, 1 min) excited with (a)
325 nm and (b) 532 nm. Both spectra at the respective wavelength were
recorded under the same illumination conditions. Intensities for the sample
‘‘Oxi + Red’’ were multiplied by 5 in (a) while intensities for sample ‘‘Oxi’’ were
multiplied by 10 in (b). The values on the photon energy scale correspond to the
nearest second digit to the energy value of the respective Raman shift. The
spectra on the left represent an overview spectrum while the spectra on the right
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were examined by AFM and SEM. Fig. 6 shows AFM images of
the sample surfaces after different treatments. A mechanically
polished Zn surface (Fig. 6a) showed a root-mean-square (RMS)
roughness of about 3 nm, and a peak-to-peak (PTP) roughness
of E20 nm over an area of 10 mm. The roughness increased to
9 nm (RMS) and 40 nm (PTP) after electrochemical oxidation
(Fig. 6b). The white protruding lines in Fig. 6b may be the grain
boundaries, where the reactivity is higher. After subsequent
electrochemical reduction, as shown in Fig. 6c, the surface
became much rougher (RMS roughness 18 nm), and particles
with a diameter of E170 nm and an average height of E60 nm
were observed, which are distributed homogeneously on the
surface. This result shows that the reduction step mainly serves
as a nanostructuring step, which renders the ellipsometric
analysis presented above insufficient to describe the complete
spectrum.
Fig. 7 shows the SEM images for the mechanically polished,
electrochemically oxidized and subsequently reduced samples.
Like the results from AFM, a featureless surface as shown in
Fig. 7a indicates a mechanically well-polished surface. After
electrochemical oxidation (Fig. 7b), the surface is still feature-
less. However, the morphology of the film changed significantly
after short (1 min) electrochemical reduction. From Fig. 7c and
d, one can see that hexagon shaped thin plates were homo-
geneously covering the sample surface. The plates had an
average diameter of 70–100 nm and an estimated thickness of
20–30 nm.
Density and size of the nanoplates are influenced by the
reduction time, as well as the duration of prior oxidation. Fig. 8
shows a series of SEM images for a sample oxidized at +1.2 V for
10 min, which was subsequently reduced at 1.25 V for
different times. When the reduction time was only 10 s as
shown in Fig. 8a, the coverage of the surface with nanoplates
was not homogeneous. A closer look (Fig. 8b) indicates that the
nanoplates are present only in certain places, which one may
speculate could be linked to grain boundaries. The overall
coverage is about 20% of the surface area. The coverage
increases with reduction time, and more than 50% of the
surface is covered with nanoplates after 30 s reduction
(Fig. 8c and d). After 1 min reduction, the surface is covered
homogeneously with the nanoplates, as shown in 7c and d. The
maximum amount of the nanoplates is obtained after 2 min
reduction (Fig. 8e and f). Coverage does not change with longer
reduction time. For reduction times >10 s, some neighbouring
plates appear to join. With increasing reduction time, the size
of the nanoplates also increases. The diameter changes from
15–20 nm (reduction for 10 s) to 90–110 nm (reduction for 60 s
and longer).
The control experiment mentioned in Section 3.1, in
which an electrolyte is used that does not contain Zn2+ also
showed the presence of nanoplates after the reduction step.
Fig. 6 AFM images of (a) mechanically polished, (b) electrochemically oxidized
(+1.2 V, 10 min) and (c) subsequently reduced (1.25 V, 1 min) zinc.
Fig. 7 SEM images of (a) mechanically polished, (b) electrochemically oxidized
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Therefore, the occurrence of the nanoplates must be linked to the
reduction of the oxide layer. From the SEM images of the surface
after reduction, for the sample reduced only for 10 s, the nano-
plates formed partially inside the film (see Fig. 8b and d). There-
fore, reduction of the thick oxide film results in the occurrence of
the nanoplates in the regions from where the film was removed.
The oxidation potential prior to reduction also has an effect
on the resulting nanoplates. At lower oxidation potentials,
e.g. +1.2 V, at least 5 min are needed before nanoplates were
detected. Less time is needed for nanoplate formation at higher
oxidation potentials, e.g. ca. 30 s suffice at +5.2 V. This potential
dependence may indicate that a certain amount of oxide is
needed to produce nanoplates upon reduction.
3.5 Surface analysis
A chemical analysis of extended ranges of the surface after
different electrochemical treatment was carried out by XPS.
Depth profiles of the sample were obtained by combining a
sequence of Ar ion gun etch cycles interleaved with XPS measure-
ments from the freshly exposed surface. High resolution XPS were
acquired at every interval after etching. Fig. 9 shows the sputtering
profiles obtained by XPS of differently treated samples. All experi-
mental data have been fit using the minimum number of peaks to
obtain an appropriate fit. Characterisation of mechanically polished
samples has been reported previously.24,26 For these samples an
oxide layer thickness was estimated to be 2–4 nm.24,26 As shown in
Fig. 9a and c, compared with the electrochemically oxidized sample,
the intensity of the O1s peak differed substantially after electro-
chemical reduction, even when the reduction lasts only for 60 s. The
O1s peak disappeared after little more than 7 nm for the oxidized
sample, but this peak could not be observed after 2–3 nm sputtering
for the reduced sample. A similar trend was observed from the
Auger process during the XPS in the Zn LMM peaks at the
different sputter depths, as shown in Fig. 9b and d. Moreover,
compared with the parameter-free ellipsometric analysis14 per-
formed for the oxidized sample the thickness obtained here on
the basis of SiO2 is in good agreement, because of the simila-
rities in the sputter rates for ZnO and SiO2.
29
The O1s peak (Fig. 9a and c) consists of at least 2 compo-
nents, centred at binding energies of B532 eV and B530.5 eV,
respectively. The component at 532 eV has previously been
assigned to hydroxidic oxygen, while the other component was
assigned to oxidic oxygen.26,28 At higher sputtering depths, the
oxidic component dominates. The component at 532 eV may
contain contributions from carbonate oxygen as well. Similar to
previous results,26 evidence for the presence of carbonate in
small amounts was found from the C1s peaks only directly at
the surface. Already after the first sputtering step, no carbonate
was found any more. The Zn LMM Auger peaks, shown in Fig. 9b
and d, show the transformation from predominantly ZnII at the
surface to metallic Zn0 in the bulk material.24 While the depth
of the transition from metals to oxides was different comparing
oxidized and subsequently reduced samples, the observed
Fig. 8 SEM images of a Zn sample after the electrochemical oxidation at +1.2 V
for 10 min and subsequent reduction for different times, (a and b) 10 s, (c and d)
30 s, and (e and f) 120 s at 1.25 V. The 1 mm scale bar under (e) applies to all
images in the left column (a, c, and e), while the 200 nm scale bar under
(f) applies to all images in the right column (b, d, and f).
Fig. 9 XPS sputter profiles of the O1s region (a and c) and Zn LMM Auger peaks
during XPS (b and d) of electrochemically oxidized (+1.2 V, 10 min) samples
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behaviour was qualitatively the same for both kind of samples.
Hence, no difference was observed for the chemical species
found at the surface of the two differently treated surfaces.
It must be stressed again that in the case of the reduced
samples, the oxide forms during removal of the sample from
the electrolyte.
The formation of hexagon shaped nanoplates as observed
after the reduction is a hint for the formation of a crystalline
material, typically crystals on the nanometre scale. XRD was
used to obtain crystallographic information. Fig. 10 shows the
XRD patterns of the mechanically polished, oxidized and sub-
sequently reduced Zn samples. Due to the low thickness of the
oxide layer during the oxide process (2–3 nm for native oxide
film on the mechanically polished sample, B10 nm for
the electrochemically oxidized sample), peaks representing
metallic zinc dominate the patterns. The strongest peak for
polycrystalline zinc is the Zn{101} peak located at a scattering
angle 2y = 43.21 (PDF no. 03-065-3358), so all the peaks were
normalized to this peak for a better comparison. It must be
pointed out that the Zn{002} peak at 2y = 36.291 is very close to
the ZnO{101} peak at 2y = 36.251, the strongest peak for ZnO
(PDF no. 00-005-0664), and it is not possible to distinguish them
at the resolution used here. After electrochemical oxidation,
the relative intensity of the peaks at 2y = 36.31 and 2y = 43.21
changed significantly. For a mechanically polished sample, the
intensity ratio between these two peaks is E1.9, close to that of
polycrystalline zinc (PDF no. 03-065-3358). The ratio changes to
E0.4 after electrochemical oxidation. In the logarithmic plot in
Fig. 10b, in addition to the main peaks as in Fig. 10a, two broad
weak peaks at 31.81 and 56.51 appeared, representing ZnO{100}
and {110}, respectively. The large width of these peaks shows
that the oxide, which was formed on Zn, is either amorphous or
relatively small crystal size. Assuming nanocrystalline material,
an estimate based on the Debye–Scherrer formula indicates the
newly formed oxide after oxidation has a diameter of less than
10 nm. It must be pointed out that crystalline domains in thin
films like studied here are expected to show rather strong
differences in size parallel to the interface compared to the
direction perpendicular to the interface.
The change in the intensity ratio between the peaks at
2y = 36.31 and 2y = 43.21 cannot be explained by an increase
in diffraction from a macroscopically crystalline ZnO phase.
Instead, the relative decrease in intensity of the peak at higher
2y is attributed to the generation of defects in the near-surface
region of the metallic bulk during the electrochemical treat-
ment, and consequent loss in order affecting diffraction at
higher 2y with an increase in peak width to a larger extent.
If the oxidized sample was subsequently electrochemically
reduced (1 min), the intensity ratio of the two peaks changes
to E0.7. To compare the peaks more clearly, the logarithm of
the intensity was plotted, as shown in Fig. 10b.
The question of the composition of the nanoplates observed
using SEM and AFM has still to be answered. This question has
been addressed using AES on the plates and in regions where
no plate was present. Fig. 11 shows the AES of the sample
surface on and off the nanoplate. In addition, two reference
spectra from the instrument’s database are presented for
comparison. The spectrum recorded on the plate closely resem-
bles the spectrum of oxide-free metallic Zn, as opposed to the
Fig. 10 Linear (a) and logarithmic (b) plots of XRD of mechanically polished
(‘‘MechPoli’’), electrochemically oxidized (‘‘Oxi’’, +1.2 V, 10 min) and subsequently
reduced samples (‘‘Oxi + Red’’, +1.2 V, 10 min and 1.25 V, 1 min).  indicates
peaks for ZnO and J indicates peaks for Zn. Curves have been offset for clarity.
Fig. 11 AES of the ‘‘Oxi + Red’’ sample on the region with nanoplates and
without plate, compared to reference spectra of pure ZnO and pure Zn. The inset
































































































This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 9812--9822 9821
spectrum in the region where no plate was present. Quantita-
tive analysis on the basis of the algorithms implemented in the
instrument’s software shows that on the nanoplate’s surface
without any sputtering, the atomic concentration of metallic Zn
is 33%, about two times as high compared with the area of
nanoplates, where a concentration of 17% is found. This result
shows the nanoplates to consist of Zn, rather than of ZnO.
It needs to be stressed again that the oxide observed on the
reduced sample is in large portions formed during removal of
the sample from the electrolyte. AES does, however, show that
the plates are not residual oxides e.g. present from before the
reduction process.
4 Summary and conclusions
The electrochemical oxidation of Zn produces an oxide with
intragap states. The intragap states observed increase the
absorption of light in the visible spectral range. SE and PL
measurements show the existence of a donor level of E1.8 eV
below the bottom of the conduction band, at a total band gap of
3.4 eV for ZnO. A schematic view of the band structure is shown
in Fig. 12a. The absorption of light in this oxide makes the
surface appear dark grey. The oxide itself – typical for many ill-
defined oxides of this type – is an extreme case in the density of
defects. PL spectra point to a dominance of excess oxygen
atoms as main sources of the defects. The Raman spectra
may be interpreted in a way that full wurtzite-type elementary
cells are almost absent in the oxide obtained. Higher oxide
thicknesses, which are obtained at higher oxidation potentials,
lead to oxidic films which become more bulk-like.
The actual nature of the states in the band gap is not directly
clear from the experimental evidence presented in this work.
The most likely sources are defects inside the thin oxide film.
The presence of surface defects, producing surface states, is
also consistent with the observed Raman and PL spectra. The
presence of e.g. an –OH (or other) termination on the surface
cannot be excluded. There are, however, no direct hints on an
effect of this surface termination on the resulting electronic
structure.
The reduction of a previously produced oxide furthermore
leads, in a solid-state reaction, to the formation of plate-like Zn
nanostructures, as shown schematically in Fig. 12b. In particular,
redeposition of Zn can be ruled out as a Zn source of the
nanostructures. Formation of these structures can be explained
by the reduction in volume when reducing amorphous oxides
to crystalline Zn. The structures have typically a diameter of
70–100 nm and a height of 30–100 nm. After reduction, the
golden/brown colour of the material, SE and PL results indicate
that the electronic structure of the oxide formed after removal
of Zn from solution (and the consequent reoxidation of the
surface through water and oxygen) is dominated by defect
states: the main electronic transition of bulk ZnO is not
observed in this material any more, making it an extreme case
of a defect-dominated material. In this material, the band gap
has effectively been reduced to 1.8 eV. It must be pointed out
that the stepwise reduction performed here is responsible for
the extreme properties of the obtained oxides. If an electro-
chemical reduction is performed with a gradual decrease in
electrode potential, no nanostructured surfaces are obtained.14
After reduction, the black colour of the material, in addition to
ellipsometric spectra as well as the PL results, indicates that the
electronic structure of the oxide formed after removal of Zn
from solution is dominated by defect states. The main electronic
transition of bulk ZnO is not observed in this material any more,
making it an extreme case of a defect-dominated material. In
this particular example, both surface morphology as well as
electronic structure of the oxide on the surface are affected by
the electrochemical process. The conclusion from the work here
is that the dark appearance especially of the reduced samples is a
result of a synergistic effect of morphology and oxide electronic
structure. Interesting electronic and photonic properties of ZnO
have previously been related to defects in the material.38 As the
states produced by ‘‘electrochemical electronic structuring’’ can
be populated for a sufficient time to show PL, the materials
produced here may also be useful as photocatalysts.
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